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1.  Introduction 


At  present,  different  types  of  pulsed  high  power  microwave  (HPM)  oscillators  and 
amplifiers  are  being  researched  in  laboratories,  as  well  as  being  manufactured  by  industry. 
They  are  used  in  communication  systems,  radars,  electromagnetic  testing  facilities,  scientific 
research,  and  military  projects.  Many  HPM  systems  should  be  continuously  monitored  for 
output  pulse’s  power  level  during  manufacturing  and  operation.  The  large  number  of 
measurements  involved  and  their  importance  dictate  that  the  measurement  equipment  and 
techniques  should  be  accurate,  reproducible,  and  convenient  to  use. 

At  a  moment,  calibrated  diodes  are  mainly  used  for  the  measurement  of  instantaneous  or 
envelope  power  in  a  wide  frequency  range.  They  are  employed  for  the  measurement  of  HPM 
pulses  as  well.  Main  disadvantage  of  the  diodes  when  using  them  for  HPM  applications  is  that 
the  diodes  can  handle  only  a  very  low  power  level.  Highest  pulse  power  can  be  measured  by 
the  planar-doped-barrier  diodes  is  of  the  order  of  100-200  mW  [1].  Therefore  when  the  diode 
is  used  for  the  measurement  of  HPM  pulses  the  initial  pulse  has  to  be  strongly  attenuated. 
From  the  one  hand,  large  attenuation  of  the  microwave  power  results  in  a  decrease  in 
measurement  accuracy.  In  addition,  the  size  and  weight  of  the  measurement  system  increases, 
its  control  becomes  complicated.  From  the  other  hand,  when  measuring  pulsed  microwave 
power  of  the  order  of  mW,  the  diode  outputs  a  DC  pulse  with  amplitude  of  the  order  of  mV. 
To  measure  such  small  DC  signal  in  the  presence  of  stray  pick-up  and  electromagnetic 
interference  that  are  typical  to  the  environment  of  HPM  sources  shielded  chambers  with  the 
measurement  equipment  situated  at  a  respectful  distance  from  HPM  source  are  usually 
employed.  Installation  of  shielded  chambers  confines  the  flexibility  of  the  measurement 
system  its  price  increases. 

We  have  developed  an  alternative  device  for  HPM  pulse  measurement  -  resistive  sensor 
(RS)  the  performance  of  which  is  based  on  electron  heating  effect  in  semiconductors.  The  RS 
is  actually  the  resistor  made  from  sufficiently  high  specific  resistance  n-type  Si.  It  is  inserted 
in  the  transmission  line.  The  electric  field  of  the  microwave  pulse  traveling  in  the 
transmission  line  heats  electrons  in  the  sensing  element  (SE),  its  resistance  increases,  and  by 
measuring  this  resistance  change  the  microwave  pulse  power  in  the  transmission  line  is 
determined.  The  main  advantages  of  the  RS  over  the  diode  are  the  following:  it  can  measure 
high  power  microwave  pulses  directly,  produces  high  output  signal,  is  overload  resistant,  and 
demonstrates  very  good  long  term  stability.  At  present  both  waveguide-type  and  coaxial-type 
RS’s  have  been  developed.  A  waveguide-diaphragm-type  RS  developed  in  our  laboratory 
consists  of  the  SE  that  is  placed  under  a  thin  metal  diaphragm  that  is  parallel  to  wide  wall  of 
the  waveguide.  Such  design  of  the  RS  is  suitable  for  the  measurement  of  short  HPM  pulses, 
the  amplitude  of  which  is  practically  restricted  by  a  breakdown  in  the  waveguide  [2]. 
Waveguide-diaphragm-type  RS  has  been  used  in  Russian,  Sweden,  Taiwan,  Indian  and  USA 
microwave  centers.  Our  activities  in  a  waveguide-type  RS  area  have  been  summarized  in  a 
review  article  [3].  The  main  drawback  of  the  waveguide-diaphragm-type  RS  is  a  large 
variation  of  the  sensitivity  in  a  waveguide’s  frequency  band.  It  was  shown  that  the  sensitivity 
of  the  X-band  RS  changes  in  the  frequency  band  more  than  two  times  [4].  The  same 
frequency  response  is  likely  to  be  characteristic  of  the  RS  in  other  frequency  bands  as  well.  It 
should  bee  noted  that  we  have  also  developed  the  coaxial-type*  RS  that  can  be  used  over  a 
wide  frequency  range  since  this  device  has  a  flat  frequency  response.  Unfortunately,  it  can 
measure  only  1  kW  amplitude  microwave  pulses  and  this  imposes  the  restriction  for  HPM 
application. 


The  development  of  the  coaxial-type  RS  was  supported  by  European  Office  of  Aerospace  Research  and 
Development  under  contract  number  F61 775-02- WE030 
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Having  in  mind  the  drawback  of  the  waveguide-diaphragm-type  RS,  our  activities  under 
the  current  project  are  concentrated  on  the  elucidation  of  reasons  that  result  in  strong 
dependence  of  the  average  electric  field  in  the  SE  on  frequency.  Clarifying  regularities  of  the 
dependence  of  the  average  electric  field  in  the  SE  on  its  electrophysical  parameters  and  metal 
diaphragm  length  we  shall  be  able  to  design  the  waveguide-diaphragm-type  RS  with  flat 
frequency  response  within  waveguide’s  frequency  band.  The  goal  of  this  work  is  to  achieve 
sensitivity  variation  within  waveguide’s  frequency  band  less  than  +15%. 

In  the  final  report  theoretical  and  experimental  investigations  on  the  improvement  of 
frequency  response  of  the  waveguide-diaphragm-type  RS  are  presented.  The  report  is 
organized  as  follows.  In  Section  2  the  principle  of  the  waveguide-diaphragm-type  RS  design 
is  described,  its  sensitivity,  and  experimental  investigation  techniques  are  considered.  The 
factors  influencing  the  dependence  of  the  average  electric  field  strength  in  the  SE  on 
frequency  are  discussed  in  section  3.  Experimental  investigation  of  the  waveguide- 
diaphragm-type  RS  with  the  optimized  frequency  response  is  presented  in  Section  4.  Section 
5  is  devoted  to  the  theoretical  consideration  of  the  RS  measuring  HPM  pulses  at  higher  power 
levels. 


2.  Waveguide-diaphragm-type  resistive  sensor 


The  structure  of  the  waveguide-diaphragm-type  RS  is  considered  in  this  section.  Typical 
electrophysical  parameters  of  the  SE  as  well  as  output  signal  dependences  on  pulse  power  and 
frequency  are  presented.  The  reasons  that  may  cause  the  dependence  of  the  output  signal  on 
frequency  are  considered. 

2.1  The  sensor 


As  it  was  already  mentioned  in  Introduction  the  performance  of  the  RS  is  based  on 
electron  heating  effect  in  semiconductor.  Thus,  the  SE  is  actually  a  resistor  made  from  n-  type 
Si  with  two  Ohmic  contacts.  Typical  arrangement  of  the  SE  in  the  waveguide-diaphragm-type 
RS  devoted  for  HPM  pulse  measurement  is  shown  in  Figure  1.  It  is  seen  that  the  SE  is 
inserted  between  thin  metal  diaphragm  and  wide  wall  of  the  waveguide.  Upper  contact  of  the 
SE  is  isolated  whereas  the  lower  -  grounded  through  the  diaphragm.  The  electric  field  of 
microwave  pulse  traveling  in  the  waveguide  heats  electrons  in  the  sensor,  its  resistance 
increases,  and  by  measuring  this  resistance  change  the  microwave  pulse  power  in  the 
waveguide  is  determined.  To  measure  resistance  change  the  SE  should  be  connected  to  the 

current  source.  To  increase  output  signal  the 


source  producing  DC  pulses  synchronized 
with  measuring  microwave  pulse  is  usually 
used  [3],  It  allows  getting  output  signal  up  to 
a  few  tens  of  Volts  without  any 
amplification.  It  is  obvious  that  the  average 
electric  field  in  the  SE  depends  on 
electrophysical  parameters  of  the  RS.  Those 
parameters  can  be  distinguished  in  Figure  2 
where  two  layers  of  the  waveguide- 
diaphragm-type  RS  are  presented.  As  one 


can  see  from  the  figure,  the  characteristic 


dimensions  of  the  RS  are  the  following:  a 


Figure  1.  Cross-sectional  view  of  waveguide- 

diaphragm-type  resistive  sensor  with 
diaphragm.  1  -  waveguide,  2  -  sensing 
element,  3  -  metal  diaphragm. 


and  b  are  dimensions  of  the  waveguide 
window,  h,  d  and  /  are  dimensions  of  the  SE, 
Ld  is  the  length  of  metal  diaphragm,  Ax,  Az 
are  the  shift  of  the  center  of  the  SE  from  the 
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Figure  2.  Characteristic  dimensions  of  the  waveguide-diaphragm-type  RS:  a,  b  -  size  of  waveguide  window, 
h,  d,  l  -height,  width  and  length  of  the  SE,  Lj  -  length  of  the  diaphragm,  Ax,  A z  possible  shift  of  the 
SE  from  the  symmetry  plane  towards  narrow  wall  of  the  waveguide  and  in  the  direction  of  wave 
propagation,  respectively.  In  the  latter  case  shift  into  wave  propagation  direction  is  considered  as 
positive,  whereas  the  opposite  shift  -  as  negative. 

symmetry  planes  towards  narrow  wall  of  the  waveguide  and  in  the  direction  of  wave 
propagation.  After  adding  to  them  the  specific  resistance  of  the  n-type  Si  (p,  fi-cm)  from 
which  the  SE  is  made  one  can  get  a  set  of  nine  parameters  characterizing  the  waveguide- 
diaphragm-type  RS.  The  values  of  those  electrophysical  parameters  for  the  typical  X  band 
waveguide-diaphragm-type  RS  are  collected  in  Table  1. 


Table  1.  Typical  electrophysical  parameters  of  the  X-band  waveguide-diaphragm-type  RS. 


a,  mm 

b,  mm 

h,  mm 

/,  mm 

d,  mm 

Ld,  mm 

13333 

Ax,  mm 

Az,  mm 

23 

10 

1.0 

1.75 

1.75 

9.0 

5.0 

0.0 

0.0 

2.2  Sensitivity 

Since  the  RS  measures  pulse  power  of  microwaves  and  the  resistance  change  is  the 
quantity  indicating  power  level  it  is  convenient  to  define  a  sensitivity  of  the  sensor  in  linear 
region  in  the  following  way 


(1) 


where  C,  is  the  sensitivity,  AR/R  is  a  relative  resistance  change  of  the  SE  in  a  microwave 
electric  field,  and  P  is  pulse  power  propagating  in  the  waveguide.  Since  the  relative  resistance 
change  is  dimensionless  quantity,  the  dimension  of  sensitivity  will  be  [power]'1.  For  the  RS 
that  is  devoted  to  the  measurement  of  HPM  pulses,  it  is  convenient  to  use  kW1. 

Definition  (1)  is  not  unique.  Sometimes  sensitivity  is  defined  as  a  signal  to  power  ratio. 
Taking  into  account  that  the  signal  amplitude  depends  not  only  on  DC  voltage  drop  on  the  SE 
but  on  the  input  resistance  of  the  measurement  unit  used  for  the  output  signal  measurement  as 
well,  the  proposed  definition  of  the  sensitivity  is  likely  more  acceptable. 

In  the  linear  region,  the  strength  of  the  electric  field  in  the  SE  is  sufficiently  small.  This 
range  of  electric  field  is  known  as  warm-electron  or  slightly  heating  electric  field  region.  It  is 
well  established  that  the  relative  resistance  change  in  this  region  is  proportional  to  the  square 
of  the  electric  field  [3] 
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(2) 


~  =  PXf)(Em)2 

where  /?(/)  is  frequency  dependent  so-called  effective  warm-electron  coefficient  in  a  RF 
electric  field  and  (Em)  is  the  average  amplitude  of  the  RF  electric  field  in  the  SE.  When  trying 
to  determine  the  average  electric  field  strength  in  the  SE  it  is  convenient  to  use  dimensionless 
ratio  ( EJEo ),  normalizing  actual  electric  field  amplitude  in  the  SE  by  the  amplitude  of  the 
electric  field  in  the  center  of  empty  waveguide.  The  later  is  described  by  well-known 
formulae  [5] 

f2  -  Ac !  £o  ^ 

& 0  /  T  '  (3) 

Here  a  and  b  are  dimensions  of  the  waveguide  window,  /Jo  and  sq  are  vacuum  permeability 
and  permittivity,^  is  the  cutoff  frequency.  Making  use  of  (1)  to  (3)  one  can  get  the  following 
expression  describing  the  sensitivity  of  the  waveguide-type  RS  in  a  linear  region 

lES  ,ao 

Obtained  expression  is  used  for  the  calculation  of  the  RS  sensitivity  theoretically.  To  do 
that  the  average  electric  field  in  the  SE  has  been  determined  using  finite-difference  time- 
domain  (FDTD)  method.  Details  of  calculations  have  been  presented  in  our  previous  report 
[6].  Except  (EJEo),  a  few  multipliers  can  be  found  in  the  expression  (4)  those  influence  the 
dependence  of  sensitivity  of  the  RS  on  frequency.  Let  us  consider  them  in  more  details. 

First,  the  square  root  appearing  in  the  denominator  of  the  expression  (4)  indicates  the  fact 
that  even  at  the  same  power  level  transmitted  through  the  waveguide  the  electric  field  strength 
in  it  changes  due  to  wave  dispersion  (3).  In  waveguide’s  frequency  band  ratio  fc/f  changes 
from  0.8  up  to  0.5.  Using  those  values  one  can  easily  get  that  due  to  wave  dispersion  the 
sensitivity  of  the  waveguide-type  RS  in  waveguide  frequency  range  monotonously  decreases 
1 .44  time. 

Second,  the  effective  warm  electron  coefficient  is  frequency  dependent  as  well.  Its 
dependence  on  frequency  is  well  described  by  the  following  phenomenological  expression 
taking  into  account  the  influence  of  electron  heating  inertia  on  resistance  change  in  RF 
electric  field 


<5) 

where  [5  is  the  warm  electron  coefficient  in  the  DC  electric  field  and  tE  is  a  phenomenological 
energy  relaxation  time.  The  value  of  the  latter  parameter  rE=  2.9-10'12  s  for  n-Si  at  room 
temperature  was  determined  in  [7]  by  fitting  the  measured  /?  (f)  in  a  wide  frequency  range 
with  (5).  Making  use  of  (5)  and  known  value  of  te  one  can  estimate  the  influence  of  heating 
inertia  on  the  RS  sensitivity.  At  frequency  12.5  GHz  the  decrease  of  /?  is  less  than  3%.  This 
means  that  influence  of  electron  heating  inertia  on  the  RS  performance  is  negligible  up  to  and 
including  X-band.  Nevertheless,  at  higher  frequencies  the  influence  of  heating  inertia  on  the 
RS  sensitivity  should  be  taken  into  account. 

2.3  Output  signal 

For  the  measurement  of  the  output  signal  the  DC  current  source  should  be  connected  to 
the  RS.  To  obtain  larger  output  signal  and  maintaining  sensor  heating  at  sufficiently  low  level 
DC  pulse  supply  is  used  for  the  RS  feeding  as  well  [2],  Let  us  consider  both  measurement 
methods  in  more  detail  and  find  the  expressions  binding  experimentally  measured  quantities 
with  the  RS  sensitivity  in  the  linear  region  ^defined  by  expression  (1). 
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Figure  3. 


An  equivalent  circuit  for  the 
Ri  measurement  of  the  output  signal  of  the 

-|| - |F  | -  RS  using  constant  current  sources  is 

presented  in  Figure  3.  As  one  can  see  from 

_ _ _ «  tt  the  figure  constant  current  source  in  the 

s  equivalent  circuit  is  presented  by  voltage 
source  U  followed  by  resistor  R\.  This 
resistor  stands  for  an  internal  resistance  of 
i]  P]  the  current  source.  Usually  R\  is  chosen 

iv  f  §1  Ra  much  larger  than  R.  Output  signal  of  the 

RS  can  be  expressed  as  a  difference 
between  voltage  Us  that  settles  when  the 
resistance  of  the  SE  increases  due  to 
““  i  electron  heating  in  a  RF  electric  field  and 

the  old  value  of  it  in  the  absence  of  the 
microwave  pulse: 

•  US=UJR  +  AR)-US(R).  (6) 

Equivalent  circuit  for  the  measuring  of  the 

output  signal  of  the  RS  using  current  source  Denoting  voltage  drop  on  the  SE  in  the 
for  sensor  feeding:  R  is  a  resistance  of  the  RS,  absence  of  microwave  pulse  as  Uo  one  can 
Ra  is  input  resistance  of  the  oscilloscope,  readily  get 
Constant  current  source  is  presented  as  a  DC 

voltage  source  followed  by  resistor  Ru  that  is  UQ—U - - - .  (7) 

much  larger  than  R.  RRa  +  Rt  (7?  +  Ra  ) 


much  larger  than  R.  RRa  +  Rt  (R  +  Ra  ) 

The  voltage  U^R+AR)  in  the 
presence  of  microwave  pulse  can  be  obtained  inserting  into  (7)  R+AR  instead  of  R.  Inserting 
obtained  expression  and  expression  (7)  into  (6)  one  can  finally  get 


i  •*v1  4-wv 

1+  — +  —  1+— 


As  it  follows  from  (8)  when  R\  and  /?a  are  compatible  with  the  resistance  of  the  SE  the 
output  signal  of  the  RS  decreases.  It  is  obvious,  since  as  it  is  seen  from  equivalent  circuit  in 
Figure  3  all  resistors  are  actually  connected  in  parallel.  When  R  «  Ra,  R\  output  signal 
simply  is 

A  p 

US=U0  —  .  (9) 

It  should  be  noted  that  the  output  signal  of  the  RS  is  usually  measured  in  the  nonlinear 
region  as  well.  As  it  was  shown  in  [3]  the  quadratic  polynomial  fits  well  the  dependence  of  P 
on  the  relative  resistance  change  of  the  SE  inserted  in  the  waveguide  in  a  wide  dynamical 
range,  therefore,  that  dependence  can  be  written  down  in  the  following  way 

P  =  Ab(M  l  (,„) 

R 

Here  values  of  coefficients  A  and  B  are  determined  by  fitting  (10)  with  experimental  data  in  a 
least  square  sense.  Expression  (10)  is  very  useful  for  the  RS  calibration.  Calibrating  the  RS 
the  dependence  of  Us  versus  microwave  pulse  power  P  is  measured  and  a  set  of  pairs  of 
numbers  is  determined 

P„Ua  i  =  1,2,. ..AT .  (11) 

Making  use  of  (9)  measured  data  are  approximated  with  the  polynomial 
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(12) 


and  in  such  a  way  coefficients  A  and  B  are  determined.  Further  expression  (12)  can  be  used  as 
formulae  to  determine  pulse  power  in  the  waveguide  from  the  measured  value  of  the  output 
signal  of  the  RS.  Comparing  (1)  and  (10)  it  is  seen  that  determined  from  experimental  data 
coefficients  is  related  with  C, 

A  =  l/£.  (13) 

As  it  was  already  mentioned,  50  V  DC  pulse  supply  is  usually  used  for  the  RS  feeding 
[2].  It  allows  increase  measured  output  signal  significantly  without  using  any  pulse 
amplification  circuit  maintaining  average  sensor  heating  at  sufficiently  low  level.  This  method 
was  successfully  applied  for  the  measurement  of  short  HPM  pulses  [4].  Since  in  this  case 
more  sophisticated  scheme  is  used  for  sensor  feeding  and  signal  measurement,  let  us  consider 
it  in  more  detail. 

The  equivalent  circuit  for  the  feeding  of  the  RS  and  the  output  signal  measurement  is 
shown  in  Figure  4.  DC  pulse  source  producing  Uo  =  50  V  DC  pulses  is  used  for  sensor 
feeding.  The  duration  of  the  DC  pulse 


is  chosen  in  such  a  way  that  before  the 
microwave  pulse  is  triggered  the 
splitting  capacitor  Cs  is  charged  up  to 
a  voltage  Uo.  For  this  reason  current 
flows  through  the  arm  of  the  circuit 
with  the  RS  only  and  hence 


Up 

R  +  %  ' 


(14) 


Since  7a  =  0,  the  output  signal 
measured  by  oscilloscope  Us  =0. 
Microwave  electric  field  induces  the 


resistance  change  of  the  SE  and  the 
current  flowing  through  it  should 
decrease.  Due  to  the  inductance  L 


present  in  the  circuit  the  current  from 

the  DC  source  /  is  kept  constant  pjgure  4  Equivalent  circuit  for  the  measuring  of  the  output 
during  microwave  pulse.  Therefore,  signal  of  the  RS  using  DC  pulse  supply  for  sensor 

current  flowing  in  the  other  arm  of  the  feeding:  U(t)  is  a  source  producing  DC  pulse 

circuit  should  increase  by  the  same  Bo  =  50  V,  L  is  the  inductance,  R,  denotes  an  active 

amount-  Denoting  this  current  change  resistance  of  the  inductance,  C,  is  a  splitting 

.  y  ,  ,  ,  .  ,  .  capacitor,  a  is  a  resistance  of  the  RS  and  Ra  is  an 

as  A I  and  the  change  of  the  resistance  input  resjstance  of  the  oscilloscope, 

of  the  SE  as  AR  the  voltage  drop  on 
the  SE  can  be  expressed  as 

(I-AI)-(R  +  AR).  (15) 

This  voltage  should  be  equal  to  the  voltage  drop  on  the  right  arm  of  the  circuit  consisting  of 
initial  voltage  up  to  which  the  capacitor  was  charged  before  the  microwave  pulse  appears  IR 
and  additional  voltage  drop  on  the  input  resistance  of  the  oscilloscope  Ra 

IR  +  MRa.  (16) 

Equating  voltage  drops  on  both  arms  of  the  circuit  (15)  and  (16)  one  gets 

IM-AIR-AIAR  =  AIRa.  (17) 
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Measured  signal  by  the  oscilloscope  is  simply  Us  =AI  Ra 
(17)  one  easily  gets 


,  therefore  inserting  into  it  EH  from 


Us  =  IRa - - - . 

5  aR+R+AR 


As  it  was  already  mentioned  inductance  kept  current  constant  during  microwave  pulse,  thus 
expression  (14)  can  be  used  to  calculate  I.  Having  in  mind  that  the  active  resistance  of  the 
inductance  is  always  much  less  than  the  resistance  of  the  SE  R,  «  R  the  output  signal 
measured  by  the  oscilloscope  can  be  expressed  as  follows 

A R 

us  =  u o — ^-r— (19) 


It  should  be  noted,  that  this  measurement  system  is  devoted  to  resolve  short  microwave 
pulses.  Therefore,  input  impedance  of  oscilloscope  has  to  be  set  50  Q.  Since  the  resistance  of 
the  RS  usually  is  compatible  to  the  input  resistance  of  a  measurement  device,  the  ratio  R!Ra 
should  be  taken  into  account  in  expression  (19).  Denoting  it  as  jj  =  RJRa  the  relative  resistance 
change  can  be  expressed  as  a  function  of  the  measured  signal  in  the  following  way 

A R  (1  +  r?)Us 

R  U0  -  ijUs  K 

Inserting  (20)  into  (10)  the  expression  being  fitted  for  the  experimental  data  measured  using 
50  V  DC  pulse  supply  can  be  obtained 

on 


!/„ -nu,  U4 J 

As  one  can  see  from  (21),  the  value  of  77  influences  the  output  characteristic  of  the  RS.  Only 


Figure  5.  Experimental  setup  for  the  measurement  of  the  dependence  of  output  signal  of  the  RS  on  pulse 
power:  1  -  synchronizing  master  generator,  2  -  delay  line,  3  -  magnetron,  4  -  variable  precise 
attenuators,  5  -  directional  coupler,  6  -  the  RS  under  test,  7  -  matched  load,  8  -  reference  pulse 
power  meter,  9  -  DC  pulse  supply,  10  -  splitting  circuit,  1 1  -  oscilloscope  Tektronix  TDS  520. 
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in  the  case  when  the  resistance  of  the  SE  is  much  less  than  the  input  resistance  of  the 
oscilloscope  output  characteristics  measured  using  current  source  and  50  V  DC  pulse  supply 
are  identical. 

2.4  Measurement  techniques 

For  the  measurement  of  the  dependence  of  the  output  signal  of  the  RS  on  pulse  power  the 
setup  presented  in  Figure  5  was  used.  A  synchronizing  master  generator  1  switches  on  a  DC 
pulse  generator  9  that  produces  DC  pulses  duration  and  amplitude  of  which  are  roughly  300 
ps  and  50  V,  respectively.  The  repetition  frequency  of  the  order  of  10  Hz  is  used  in  the 
measurement.  The  triggering  pulse  delayed  nearly  270-280  ps  starts  a  magnetron  generator  3 
producing  roughly  100  kW  pulse  power  at  fixed  frequency  9.3  GHz.  The  duration  of  the  pulse  is 
up  to  a  few  microseconds,  therefore  the  feeding  pulse  covers  entire  microwave  pulse.  The  coil 
inductance  in  the  splitting  circuit  10  is  chosen  so  that  it  has  a  low  resistance  for  the  feeding  pulse 
and  a  high  resistance  for  the  measuring  one.  Therefore,  the  output  signal  appears  as  a  short  video 
pulse  on  the  envelope  of  the  feeding  pulse.  The  capacitor  in  the  splitting  circuit  10  cuts  off  the 
DC  pulse  and  the  oscilloscope  1 1  detects  the  short  video  pulse.  Using  such  a  scheme  for  the  RS  6 
feeding  the  output  signal  on  the  order  of  a  few  tens  of  Volts  has  been  obtained  without  any 
amplification. 

A  reference  pulse  power  meter  8  is  connected  to  the  main  waveguide  via  directional 
coupler  5.  The  cross-waveguide-type  RS  is  used  for  this  purpose  [3].  An  oscilloscope 
measures  the  signal  from  it  as  well.  Using  first  variable  attenuator  4  in  the  main  waveguide 
the  same  reading  of  the  reference  pulse  power  meter  is  restored  during  measurement 
procedure  eliminating  in  such  a  way  the  drift  of  pulse  power  generated  by  the  magnetron.  The 
dependence  of  the  output  signal  of  the  RS  under  test  on  pulse  power  is  measured  by  gradually 
increasing  losses  in  the  second  variable  attenuator  4  in  the  main  waveguide. 

Frequency  response  of  the  RS  has  been  investigated  using  a  TWT  pulse  generator.  It 
produces  roughly  50  W  pulses  in  the  frequency  range  8-12  GHz.  An  experimental  setup  for 
frequency  response  measurement  is  shown  in  Figure  6.  Microwave  pulse  generated  by  TWT  1 
passes  second  harmonic 
filter  2,  ferrite  insulator  3 
and  using  waveguide 
switch  4  can  be  directed 
either  to  reference  pulse 
power  meter  5  or  to  the  RS 
under  test  6.  The  RS  is 
followed  by  matched  load 
7  and  is  fed  by  50  V  DC 
pulses  9.  The  dual-channel 
oscilloscope  8  Tektronix 
TDS  520  measures  signals 
from  the  RS  and  the 
reference  pulse  power 
meter.  Reference  pulse 
power  meter  monitors 
pulse  power  level  in  the 

waveguide.  Since  pulse  pjgUre6  Experimental  setup  for  frequency  response  measurement:  1  - 
power  generated  by  TWT  tunable  frequency  pulse  power  source  (TWT),  2  -  second 

is  sufficiently  low,  the  harmonic  filter,  3  -  ferrite  isolator,  4  -  waveguide  switch,  5  - 

output  signal  in  the  linear  reference  pulse  power  meter,  6  -  the  RS  under  test,  7  -  matched 

region  is  measured  Thus  load,  8  -  oscilloscope  Tektronix  TDS  520,  9  -  DC  pulse  supply 

u  -  circuit  with  signal  splitter. 
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Figure  7.  Dependence  of  the  sensitivity  on 
frequency  of  the  cross-waveguide-type  RS 
that  is  used  in  the  measurements  as  the 
reference  pulse  power  meter. 


only  the  first  term  should  be  accounted  in  the 
expression  (21)  and  to  determine  the 
sensitivity  of  the  RS  in  the  linear  region  ^the 
following  expression  is  employed 

4  (U, , -,/],)!>'  a2> 

As  a  reference  pulse  power  meter  the 
cross-waveguide-type  RS  is  used  [3].  Before 
performing  measurements  of  the  frequency 
response  the  reading  of  the  reference  pulse 
power  meter  is  linked  with  the  absolute  power 
level.  To  do  that  the  power  sensor  NRV-Z54 
of  the  Rohde  &  Schwarz  reference  average 
power  meter  NRVS  is  connected  to  the  arm  of 
the  waveguide  instead  of  the  RS  under  test. 
An  average  power  meter  is  connected  to  the 


waveguide  making  use  of  the  coaxial  to 
waveguide  adapter.  Measuring  the  readings  of  the  average  power  meter  and  the  reference 
pulse  power  meter  the  calibration  curve  of  the  latter  is  linked  to  absolute  pulse  power  level. 
The  dependence  of  the  sensitivity  of  the  cross-waveguide-type  RS  that  serves  as  the  reference 
pulse  power  meter  during  frequency  response  measurement  is  shown  in  Figure  7. 

Making  use  of  measurement  techniques  described  in  this  section  and  50  DC  pulse  supply 
for  the  RS  feeding  the  output  characteristics  of  the  typical  RS  the  electrophysical  parameters 
of  which  are  collected  in  Table  1  have  been  measured.  Measured  output  signal  dependence  on 
pulse  power  is  shown  in  Figure  8a  by  points.  Two-term  approximation  (21)  is  represented  by 
a  solid  line.  For  this  particular  case  the  values  of  coefficients  A  =  25.43  and  B  =  36.30  have 
been  obtained.  The  resistance  of  the  typical  RS  was  roughly  16  D.  that  corresponds  to 
r]  =  0.32.  As  one  can  see  from  the  figure,  the  approximation  fits  well  experimental  data.  The 
dependence  of  the  sensitivity  on  frequency  for  the  typical  X-band  sensor  measured  in  the 
linear  region  is  shown  Figure  8b.  It  is  seen  that  sensitivity  strongly  depends  on  frequency  with 
maximum  to  minimum  ratio  roughly  2.7.  It  might  be  concluded  that  reasons  considered  in 
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Figure  8.  Measured  output  signal  dependence  on  power  at  9.3  GHz  using  50  V  DC  pulse  feeding  of  the  RS  (a) 
and  the  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  (b)  for  typical  X-band 
waveguide-diaphragm-type  RS.  Electrophysical  parameters  of  the  sensor  are  collected  in  Table  1. 


subsection  2.2  that  influences  sensitivity  dependence  on  frequency,  namely:  wave  dispersion 
in  the  waveguide  and  electron  heating  inertia  in  a  RF  electric  field,  can  not  explain 
experimentally  measured  dependence.  It  seems  that  non-monotonous  shape  of  £(f)  is  mainly 
caused  by  the  dependence  of  the  average  electric  field  in  the  SE  on  frequency. 

2.5  Conclusions 

As  follows  from  the  presented  results,  the  SE  of  the  waveguide-type  RS  is  sensitive  to 
the  average  electric  field  strength  in  it.  Even  though  electric  field  strength  in  the  SE  is  equal  to 
the  electric  field  strength  in  the  empty  waveguide  the  sensitivity  of  the  RS  shall  decrease  by 
factor  1.44  in  the  waveguide’s  frequency  band  due  to  dispersion  of  wave  in  the  waveguide. 
This  decrease  as  well  as  electron  heating  inertia  in  microwave  electric  field  can  not  explain 
experimentally  observed  non-monotonous  sensitivity  variation  with  frequency.  Therefore,  it 
can  be  concluded  that  observed  sensitivity  variation  appears  due  to  the  dependence  of  the 
average  electric  field  in  the  SE  on  frequency. 

3.  Factors  influencing  the  average  electric  field  strength  in 
the  SE 

In  the  present  section  we  discussed  the  influence  of  the  electrophysical  parameters  of  the 
waveguide-diaphragm-type  RS  on  the  value  of  the  average  electric  field  strength  in  the  SE. 
Detailed  consideration  of  this  question  can  be  found  in  the  interim  report  [6],  Main  principles 
employed  for  the  RS  frequency  response  engineering  are  described  in  this  section. 

3.1  Obstacle  under  the  diaphragm 

Considering  electric  field  strength  in  a  semiconducting  obstacle  under  the  diaphragm,  it 
was  shown  [6]  that  at  certain  conditions  some  resonance  might  occur  in  such  a  structure.  For 
the  SE  that  influences  considerably  propagation  properties  under  the  diaphragm,  odd  quarter- 
wave  resonance  is  likely  prohibited  since  the  SE  is  placed  symmetrically  in  respect  of  edges 
of  diaphragm,  and  distribution  of  fields  should  sustain  same  symmetry  properties.  Therefore, 
at  a  resonance  conditions  effective  length  of  the  transmission  line  under  the  diaphragm  should 
become  a  whole  number  of  half-wave  only. 

Our  calculations  have  revealed  [6]  that  for  high  specific  resistance  SE  the  increase  of  the 
average  electric  field  in  it  has  been  observed  when  the  even  number  of  half-waves  fits  under 
the  diaphragm.  The  example  of  one-wave  resonance  that  is  observed  for  Ld  =  25  mm  is  shown 
in  Figure  9.  It  is  seen  that  at  resonance  conditions  electric  field  amplitude  exceeds  Eo  up  to 
three  times.  Maximum  of  the  electric  field  at  the  edges  of  diaphragm  is  found.  The  increase  of 
the  cross-sectional  area  of  the  SE  leads  to  the  shift  of  the  resonance  frequency  towards  lower 
frequency  as  one  can  clearly  see  from  the  figure.  This  is  not  surprise,  since  increasing  cross- 
sectional  area  of  the  obstacle  the  effective  length  of  the  transmission  line  under  the  diaphragm 
is  increased. 

When  the  specific  resistance  of  the  SE  is  reduced,  the  electric  field  strength  in  the  SE 
decreases.  It  demonstrates  calculation  results  shown  in  Figure  10.  It  is  seen  that  for  the 
smallest  considered  specific  resistance  the  one-wave  resonance  does  not  manifest  itself  and 
monotonous  decrease  of  the  average  electric  field  in  the  SE  with  increase  of  frequency  is 
observed.  Large  reduction  of  (Em)  can  be  attributed  to  the  fact  that  decrease  of  specific 
resistance  enforces  to  form  minimum  of  electric  field  in  the  SE  instead  of  maximum  that  is 
characteristic  to  high  specific  resistance  SE. 

Investigating  low  specific  resistance  SE  under  the  diaphragm,  it  was  found  that  increase 
of  the  average  electric  field  in  the  SE  is  observed  when  odd  number  of  half-waves  fits  under 
the  diaphragm.  The  example  of  three  half-wave  resonance  that  is  observed  for  Ld  =  40  mm  is 
shown  in  Figure  11.  It  is  seen  that  for  p=\.25  flcm  clear  resonance  peak  is  observed  that 
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Figure  9.  Calculated  dependence  of  the  average  electric  field  strength  in  the  SE  normalized  to  electric  field 
strength  in  the  empty  waveguide  on  frequency  for  different  cross-sectional  size  of  the  SE: 
h  =  1  mm,  Lj  =  25  mm,  p  =  50  flcm.  Cross-sectional  dimensions  of  the  SE  is  indicated  in  the  figure. 


L=25  mm,  2x2  mm2 
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Figure  10.  Calculated  dependence  of  the  average  electric  field  strength  in  the  SE  normalized  to  electric  field 
strength  in  the  empty  waveguide  on  frequency  for  different  specific  resistance  of  the  SE: 
Lj  -  25  mm,  hxdxl  =  1  x2x2  mm3.  Specific  resistance  of  the  SE  is  indicated  in  the  figure. 
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L=40  mm,  2x2  mm2 


f,  GHz 


Figure  11.  Calculated  dependence  of  the  average  electric  field  strength  in  the  SE  normalized  to  electric  field 
strength  in  the  empty  waveguide  on  frequency  for  different  specific  resistance  of  the  SE: 
Lj  =  40  mm,  hxdxl  =  1  x2x2  mm3.  Specific  resistance  of  the  SE  is  indicated  in  the  figure. 


Figure  12. 


reaches  its  maximum  value  at  11.3  GHz. 


diaphragm  edges 


A  sketch  of  the  electric  field  distribution  under 
the  diaphragm  at  a  resonance  conditions:  a)  - 
half-wave,  b)  -  one-wave,  c)  -  three  half-wave, 
a)  and  c)  corresponds  to  the  low  and  b)  -  high 
specific  resistance  SE. 


Absolute  value  of  the  (Em)  is  roughly  four 
times  lower  in  comparison  with  the 
amplitude  of  electric  field  in  the  case  of 
high  specific  resistance  SE  at  one-wave 
resonance  considered  earlier.  It  is  seen, 
that  the  increase  of  p  broadens  the  peak. 
It  totally  disappears  for  the  highest 
specific  resistance  obstacle.  For  this  case, 
( Em )  dependence  on  frequency  is 
influenced  by  one-wave  resonance  in  a 
low  and  two-wave  resonance  in  high 
frequency  regions  only.  The  latter  is 
outside  waveguide’s  frequency  band. 

A  sketch  of  electric  field  distribution 
under  the  diaphragm  at  one,  two  and 
three  half-wave  resonance  conditions  is 
shown  in  Figure  12.  It  is  seen  that  the 
resonance  takes  place  when  electric  field 
amplitude  is  maximal  at  the  edges  of 
diaphragm  and  whole  number  of  half¬ 
wave  fits  under  the  diaphragm.  Low 
specific  resistance  SE  enforces  the 
minimum  of  electric  field  in  it  while  for 
high  specific  resistance  -  maximum  of 
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electric  field  is  characteristic. 

Summarizing  it  should  be  pointed  out,  that  electric  field  strength  in  the  SE  is  influenced 
by  resonance  that  occurs  when  a  whole  number  of  half-wave  fits  under  the  diaphragm.  Both, 
the  diaphragm  length  and  cross-sectional  size  of  the  SE  increase  shits,  in  general,  resonance 
maximum  towards  lower  frequency.  The  resonance  features  manifests  clearly  itself  either  for 
low  or  high  specific  resistance  SE.  Therefore,  the  change  of  specific  resistance  of  the  SE  leads 
to  wider  resonance  peak  or  to  its  total  disappearance.  Taking  into  account  the  features  of 
resonance  mentioned  above,  the  RS  with  desirable  frequency  response  can  be  engineered. 

3.2  Optimized  sensor 

Calculations  that  have  been  performed  while  optimizing  the  frequency  response  of  the 
waveguide-diaphragm-type  RS  were  described  in  detail  in  our  previous  report  [6],  Therefore, 
we  do  not  return  to  the  details  of  the  optimization  procedure  here. 

Returning  back  to  Table  1  one  can  found  a  set  of  electrophysical  parameters  that  can  be 
changed  optimizing  frequency  response  of  the  RS.  Since  the  dimensions  of  waveguide 
window  are  fixed  and  we  are  considering  square  shape  SE  placed  in  the  center  of  waveguide 
the  number  of  parameters  from  9  decreases  to  4. 

In  the  first  step,  the  diaphragm  length  has  been  chosen.  Next,  by  varying  h  in  the  range 
0.5-2.0  mm,  d  =  1  =  0. 5-3.0  mm  and  p  =  1.25-50  ficm  the  optimal  set  of  parameters  has  been 
selected.  When  choosing  optimal  set  as  a  criterion  maximum  to  minimum  sensitivity  ratio  of 
the  RS  in  waveguide’s  frequency  band  was  used.  It  was  also  taken  into  account  that  the 
resistance  of  the  SE  should  not  exceed  50  Q.  Selected  in  such  a  way  parameters  of  the 
waveguide-diaphragm-type  RS  with  optimal  frequency  response  are  presented  in  Table  2. 

Selection  of  specific  resistance  for  the  optimized  sensor  illustrates  calculations  results 
shown  in  Figure  13  where  dependences  of  the  average  electric  field  on  frequency  for  different 
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Figure  13.  Calculated  dependence  of  the  average  electric  field  strength  in  the  SE  normalized  to  electric  field 
strength  in  the  empty  waveguide  on  frequency  for  different  specific  resistance  of  the  SE: 
Ld  =  25  mm,  hxdxl  =  1x2x2  mm3.  Specific  resistance  of  the  SE  is  indicated  in  the  figure. 
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Figure  14.  Calculated  sensitivity  (a)  and  voltage  standing  wave  ratio  (b)  dependences  on  frequency  for  the 
optimized  X-band  waveguide-diaphragm-type  RS.  Parameters  of  the  RS  are  collected  in  Table  2 


Table  2.  Electrophysical  parameters  of  the  waveguide-diaphragm-type  RS  with  optimal  frequency  response. 
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specific  resistance  are  presented.  The  dimensions  of  the  SE  were  held  the  same  as  for  optimal 
RS.  It  is  seen  that  for  the  lowest  specific  resistance  of  the  SE  considered,  one  half-wave 
resonance  is  observed.  The  increase  of  p  broadens  a  peak.  In  a  limit  of  high  specific 
resistance,  the  monotonous  increase  of  (Em)  influenced  by  one-wave  resonance  is  observed. 
For  p-5  the  increase  of  the  average  electric  field  with  frequency  nearly  compensates  the 
decrease  of  electric  field  due  to  wave  dispersion  in  the  waveguide  and  smooth  frequency 
response  was  obtained. 

Calculated  sensitivity  and  voltage  standing  wave  ratio  (VSWR)  dependences  on 
frequency  for  optimized  RS  are  shown  in  Figure  14.  For  this  set  of  parameters  minimum  to 
maximum  sensitivity  ratio  1.09  was  obtained.  It  is  also  seen  that  VSWR  value  is  about  1.1 
and  slightly  decreases  with  frequency. 

3.3  Conclusions 

Considering  SE  under  thin  metal  diaphragm,  it  was  found  that  the  average  electric  field 
in  it  is  strongly  influenced  by  resonance  occurring  in  such  structure.  For  the  SE  made  from 
low  and  high  specific  resistance  material  odd  and  even  half-wave  resonance  appears. 
Resonance  frequency  depends  on  diaphragm  length  and  cross  sectional  size  of  the  SE.  The 
increase  of  specific  resistance  in  the  case  of  odd  resonance  as  well  as  the  decrease  of  it  in  the 
case  of  even  -  leads  to  the  broadening  of  resonance  pike  and  to  the  total  disappearance  of  it. 
Making  use  of  this  feature  the  RS  with  flat  frequency  response  has  been  engineered  by 
properly  choosing  the  values  of  electrophysical  parameters  of  the  RS.  For  the  optimal  set  of 
parameters,  calculated  maximum  to  minimum  sensitivity  ratio  1.09  in  waveguide’s  frequency 
band  was  obtained. 
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4.  Experimental  investigation 

Experimentally  measured  dependences  of  the  sensitivity  of  the  RS  on  frequency  are 
presented  in  this  section.  Experimental  results  demonstrating  the  influence  of  the  cross- 
sectional  area  of  the  SE  and  the  diaphragm  length  on  the  RS  sensitivity  are  described.  Output 
signal  dependence  on  pulse  power  for  the  optimized  RS  is  also  considered. 

4.1  Frequency  response 

As  it  was  already  mentioned  in  section  3,  electrophysical  parameters  of  the  waveguide- 
diaphragm-type  RS  with  optimal  frequency  response  for  X-band  have  been  determined  [6]. 
They  are  collected  in  Table  2.  Calculated  maximum  to  minimum  sensitivity  ratio  for  this  set 
of  parameters  was  obtained  1.09.  Therefore,  our  first  objective  was  to  manufacture  the  RS  and 
measure  their  frequency  response. 

Five  pieces  of  waveguide-diaphragm-type  RS  have  been  manufactured  in  accordance 
with  electrophysical  parameters  collected  in  Table  2.  Output  signal  dependences  on  frequency 
have  been  measured  using  technique  described  in  section  2.4.  From  experimentally  measured 
data,  the  values  of  sensitivity  have  been  calculated  making  use  of  expression  (22).  They  are 
shown  in  Figure  15  by  points.  Theoretically  predicted  sensitivity  dependence  on  frequency  is 
presented  in  the  figure  by  solid  line  as  well.  To  calculate  the  sensitivity  of  the  RS  expression 
(4)  is  employed.  The  amplitude  of  the  average  electric  field  strength  ( EJEq )  in  the  SE  was 
calculated  using  FDTD  method.  Detailed  results  of  those  calculations  were  presented  in  our 
previous  report  [6],  The  influence  of  electron  heating  inertia  on  the  value  of  /?  is  taken  into 
account  using  expression  (5).  The  value  of  the  warm  electron  coefficient  in  DC  electric  field 
P~  6- 1 0  8  cm 2/V2  for  5  Qcm  n-type  Si  [3]  and  r£  =  2.9- 10"12  s  [7]  was  used  in  calculation. 


f,  GHz 


Figure  15.  Measured  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  optimized  X-band 
waveguide-diaphragm-type  RS.  Electrophysical  parameters  of  the  sensors  are  presented  in  Table  2. 
Points  denote  measurement  results  for  different  sensors,  solid  line  represent  calculated  results. 
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Figure  16.  Dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  optimized  X-band 
waveguide-diaphragm-type  resistive  sensor.  Points  denote  averaged  measurement  results,  error  bars 
indicate  standard  deviation,  and  solid  line  represent  calculated  results. 

As  one  can  see  from  the  figure,  our  experiments,  in  general,  confirm  theoretical 
predictions  that  the  frequency  response  of  the  optimized  waveguide-diaphragm-type  RS 
should  be  smooth.  It  is  seen  that  sufficiently  low  sensitivity  variation  with  frequency  is 
characteristic  to  the  manufactured  RS.  The  largest  measured  maximum  to  minimum 
sensitivity  ratio  for  the  particular  RS  does  not  exceed  1.2.  Let  us  remind  that  as  follows  from 
calculations  this  ratio  should  be  1.09. 

Having  in  mind  possible  scattering  of  electrophysical  parameter  of  the  manufactured  RS, 
experimentally  measured  sensitivity  values  for  different  RS  are  sufficiently  close  to  each 
other.  The  absolute  value  of  measured  sensitivity  coincides  well  with  calculated  one.  A  small 
difference  between  the  measured  and  calculated  values  can  be  attributed  to  size  tolerances 
between  the  actual  device  and  modeled  prototype,  to  small  mechanical  displacement  when 
installing  the  SE  under  the  diaphragm,  and  to  the  measurement  errors. 

Averaged  measurement  results  for  different  waveguide-diaphragm-type  RS  are  shown  in 
Figure  16.  It  is  seen  that  the  averaged  dependence  of  the  sensitivity  on  frequency  is  smooth: 
Maximum  to  minimum  sensitivity  ratio  is  1.12.  Comparing  optimized  sensor  sensitivity  with 
typical  one  that  is  shown  in  Figure  8b  it  is  seen  that  the  sensitivity  of  the  optimized  sensor 
increases  particularly  in  a  lower  frequency  region.  Even  maximal  value  of  the  sensitivity  of 
the  typical  sensor  is  approximately  1.3  times  smaller  than  the  sensitivity  of  the  optimized 
sensor.  The  sensitivity  is  about  3  times  smaller  in  a  lower  frequency  region.  The  point  is  that 
the  average  electric  field  strength  in  the  SE  of  the  optimized  sensor  is  closer  to  the  electric 
field  strength  in  the  center  of  the  empty  waveguide,  i.  e.  < EJEo )  »1,  in  a  whole  frequency 
range.  Therefore,  the  perturbation  that  the  RS  introduces  into  regular  waveguide  is 
minimized. 
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Figure  17.  Measured  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band  waveguide- 
diaphragm-type  resistive  sensor  for  different  cross-sectional  area  of  the  SE:  h=  1  mm,  p-  5  Qcm, 
Ld  -  10  mm.  Cross-sectional  dimensions  are  indicated  in  the  figure. 


f,  GHz 

Figure  18.  Calculated  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band 
waveguide-diaphragm-type  resistive  sensor  with  different  cross-sectional  area  of  the  SE:  h  =  1 .0 
mm,  p=  5  £2  cm,  Ld=  10  mm.  Cross-sectional  dimensions  are  indicated  in  the  figure. 
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Figure  19.  Measured  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band  waveguide- 
diaphragm-type  resistive  sensor  for  different  length  of  the  diaphragm:  hxdxl  =  1.0x1. Ox  1.0  mm3, 
p  =  5  fi-cm,  Diaphragm  length  is  indicated  in  the  figure. 
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Figure  20.  Calculated  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band 
waveguide-diaphragm-type  resistive  sensor  for  different  length  of  the  diaphragm: 
hxdxl  =  1.0x1. Ox  1.0  mm3,  p~  5  fi-cm,  Diaphragm  length  is  indicated  in  the  figure. 
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In  the  interim  report  [6]  it  was  shown  that  small  changes  of  the  electrophysical 
parameters  of  the  RS  from  their  optimal  value  result  in  the  increase  of  the  sensitivity  variation 
of  the  sensor  in  the  frequency  range  under  consideration.  It  lets  believe  that  at  least  a  local 
minimum  of  the  sensitivity  variation  in  a  multidimensional  space  of  the  parameters  has  been 
found.  We  tried  to  prove  this  assumption  experimentally. 

Since  the  change  of  specific  resistance  of  the  SE,  it  is  difficult  to  realize  due  to  limited 
assortment  of  available  n-Si  ingots,  two  sets  of  experiments  have  been  performed  on  the  RS 
with  slightly  changed  parameters  only.  The  RS  with  the  SE  the  cross-sectional  dimensions  of 
which  is  different  from  the  optimal  and  the  RS  with  changed  length  of  the  diaphragm  have 
been  investigated  experimentally. 

Experimentally  measured  sensitivity  dependences  on  frequency  for  the  RS  with  the 
different  cross-sectional  area  of  the  SE  are  shown  in  Figure  17.  The  other  electrophysical 
parameters  of  the  RS  were  left  optimal  (Table  2).  As  it  is  seen  from  the  figure  the  increase  as 
well  as  the  decrease  of  the  cross-sectional  area  of  the  SE  influences  the  frequency  response 
curve  of  the  RS.  The  resonance  features  of  the  electric  field  in  the  SE  become  more 
pronounced  when  the  cross-sectional  area  of  the  SE  is  increased  and  the  sensitivity 
dependence  on  frequency  becomes  non-monotonous.  The  decrease  of  the  cross-sectional  area 
of  the  SE  has  less  influence  on  the  frequency  response.  Calculated  dependences  of  the  RS 
sensitivity  on  frequency  for  different  cross-sectional  area  of  the  SE  are  shown  in  Figure  18.  It 
is  seen  that  calculated  dependences  well  coincide  with  measured  ones. 

Experimentally  measured  sensitivity  dependences  on  frequency  for  the  RS  with  the 
different  diaphragm  length  are  shown  in  Figure  19.  As  in  the  previous  case  the  other 
electrophysical  parameters  of  the  RS  were  left  optimal  (Table  2).  As  one  can  see  from  the 
figure  when  the  length  of  the  diaphragm  is  increased  the  decrease  of  the  sensitivity  with 
frequency  is  observed  and  the  opposite  effect  is  observed  when  the  length  of  diaphragm 
decreases.  As  it  was  already  mentioned  in  section  3  the  flat  frequency  response  of  the  optimal 
RS  is  achieved  due  to  the  interplay  of  two  phenomena  that  contrarily  influenced  the  value  of 
the  average  electric  field  in  the  SE.  On  the  one  hand,  the  average  electric  field  strength  in  the 
SE  decreases  with  frequency  due  to  wave  dispersion  in  the  waveguide.  On  the  other  hand,  the 
increase  of  the  average  electric  field  strength  in  the  SE  occurs  when  half-wave  resonance 
conditions  are  fulfilled  under  the  diaphragm.  For  the  shortest  diaphragm  the  resonance 
conditions  are  fulfilled  in  the  vicinity  of  the  highest  frequency  of  waveguide’s  frequency 
band.  Therefore,  the  increase  of  the  average  electric  field  in  the  SE  with  frequency  exceeds 
the  decrease  due  to  wave  dispersion  and  as  a  result  the  sensitivity  of  the  RS  increases  with 
frequency.  When  the  length  of  the  diaphragm  increases,  the  resonance  shifts  to  the  lower 
frequency  region.  It  results  in  the  decrease  of  the  average  electric  field  with  frequency  and  the 
decrease  of  sensitivity  with  frequency  is  observed.  Calculated  dependences  of  the  RS 
sensitivity  on  frequency  for  different  length  of  the  diaphragm  are  shown  in  Figure  20.  It  is 
seen  that  calculated  dependences  well  coincide  with  measured  ones. 

4.2  Output  signal 

Output  signal  dependence  on  pulse  power  has  been  measured  for  the  optimized  RS  as 
well.  Measurement  setup  described  in  section  2.4  is  used.  Measurements  were  performed  at  a 
frequency  9.3  GHz  using  50  V  DC  pulse  supply  for  the  RS  feeding. 

Typical  measured  output  characteristic  of  the  optimized  waveguide-diaphragm-type  RS 
is  shown  in  Figure  21.  Points  represent  experimental  data;  solid  line  shows  two  terms  fitting 
of  the  experimental  results  making  use  of  expression  (21).  It  is  seen  that  two  terms 
approximation  fits  well  experimental  data  in  a  whole  pulse  power  range.  As  one  can  see  from 
the  figure  more  than  twenty  Volts  signal  is  obtained  at  a  maximum  pulse  power  without  any 
amplification. 
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Figure  21.  Output  signal  dependence  on  pulse  power  in  waveguide  of  the  optimized  sensor  SF  03/02  in 
logarithmical  (a)  and  linear  scale  (b).  Points  denotes  experimentally  measured  data,  solid  line  shows 
two  term  approximation  (21).  Measurements  have  been  performed  at  9.3  GHz  using  50  V  DC  pulse 
supply  for  sensor  feeding. 

Values  of  coefficients  A  =  14.98  and  B  =  18.03  have  been  obtained  from  the  fitting. 
Comparing  them  with  values  obtained  for  a  typical  sensor  (A  =  25.43  and  B  =  36.30,  Figure  8) 
it  is  seen  that  the  sensitivity  of  the  optimized  RS  increases  about  1.6  times  at  9.3  GHz. 
Comparing  measured  dependences  in  the  linear  region  shown  in  Figure  8a  and  Figure  21a, 
one  can  find  that  roughly  0.15-0.16  V  output  signal  will  be  obtained  at  a  power  0.1  kW  in 
both  cases.  Therefore,  it  might  be  concluded  that  the  output  signal  in  linear  region  is 
approximately  the  same  for  both  sensors.  The  point  is  that  the  output  signal  of  the  RS  depends 
not  only  on  the  sensitivity  but  also  on  the  value  of  the  ratio  t]  =  R/Ra  (21).  This  ratio  increases 
from  0.32  for  the  typical  sensor  up  to  1.0  for  the  optimized  one  reducing  to  zero  the  win  in 
sensitivity.  Sensitivity  increase  of  the  optimized  sensor  will  manifest  itself  when 
measurements  with  the  device  having  large  input  resistance  will  be  performed  (77— »0). 

The  output  characteristics  of  the  other  manufactured  RS  was  similar  to  the  results  shown 
in  Figure  21.  The  scattering  of  parameter^  was  in  the  interval  of  10%.  We  also  measured  the 
VSWR  for  the  manufactured  RS.  Measured  maximal  value  was  1.16  and  it  slightly  decreases 
with  frequency  as  was  predicted  by  our  calculations  (see  Figure  14b).  Discrepancy  between 
calculated  and  measured  values  is  sufficiently  small  and  can  be  attributed  to  finite  thickness 
of  the  metal  diaphragm  that  is  not  accounted  in  the  calculations. 

4.3  Conclusions 

A  set  of  waveguide-diaphragm-type  RS  with  improved  frequency  response  has  been 
manufactured  and  tested.  Experimental  results,  in  general,  confirmed  theoretical  predictions 
that  the  frequency  response  of  the  waveguide-diaphragm-type  RS  can  be  significantly 
improved  by  properly  selecting  electrophysical  parameters  of  it.  Optimized  RS  is 
characterized  by  smooth  dependence  of  the  sensitivity  on  frequency.  The  largest 
experimentally  measured  maximum  to  minimum  sensitivity  ratio  in  waveguide’s  frequency 
band  for  particular  RS  was  1.2.  That  is  sufficiently  close  to  theoretically  predicted  value  1.09. 
Fairly  good  coincidence  between  values  of  the  sensitivity  of  the  RS  calculated  theoretically 
and  measured  experimentally  was  obtained.  It  was  confirmed  experimentally  that  small 
change  of  electrophysical  parameters  from  their  optimal  values  leads  to  the  increase  of  the 
sensitivity  variation  in  the  frequency  range  under  consideration. 


22 


5.  Extension  of  dynamic  range 

As  it  follows  from  measurement  results  presented  in  a  previous  section  the  sensitivity  of 
the  optimized  RS  increases  especially  in  a  lower  frequency  region.  As  sensitivity  increases  the 
nonlinearity  of  the  output  signal  dependence  on  power  becomes  more  pronounced  at  higher 
power  level  and  in  this  region  measurement  accuracy  decreases.  It  was  proposed  to  decrease 
the  sensitivity  of  the  RS  by  shifting  the  SE  from  the  center  of  the  waveguide  towards  its 
narrow  wall  [2].  This  should  allow  extending  the  dynamic  range  of  linear  dependence  of 
output  signal  to  higher  power  level  and,  in  general,  designing  the  RS  with  desirable  output 
characteristic.  In  the  present  section,  we  investigate  the  dependence  of  the  RS  sensitivity  on 
the  position  of  the  SE  shifted  from  the  center  of  waveguide  towards  its  narrow  wall.  The 
possibility  to  optimize  the  frequency  response  of  such  a  sensor  is  also  considered. 

5.1  Shift  of  the  sensing  element 

Frequency  response  of  the  RS  with  the  SE  shifted  from  waveguide’s  center  has  been 
investigated  using  FDTD  method.  The  method  and  the  model  used  in  calculation  are 
described  in  details  in  our  previous  report  [6],  We  only  remind  that  calculated  amplitude  of 
electric  field  is  normalized  to  the  amplitude  of  electric  field  in  the  center  of  the  empty 
waveguide  of  the  ordinary  wave  Hio  (3)  and  the  shift  of  the  SE  is  denoted  as  Ax. 

At  the  beginning  we  investigated  the  dependence  of  the  average  electric  field  amplitude 
in  the  SE  on  frequency  for  the  optimal  RS,  the  SE  of  which  is  shifted  towards  narrow  wall  of 
the  waveguide.  Electrophysical  parameters  of  the  optimized  RS  are  collected  in  Table  2. 
Normalized  average  electric  field  dependences  on  frequency  for  different  Ax  are  shown  in 
Figure  22.  As  one  can  see  from  the  figure  electric  field  strength  in  the  SE  decreases  when  it  is 
shifted  towards  narrow  wall  of  the  waveguide.  It  is  nothing  surprising  since  moving  from  the 
center  towards  narrow  wall  the  electric  field  component  Ey  in  an  ordinary  Hio  wave  decreases. 
Unfortunately,  the  shape  of  the  dependence  (EJEo)(f)  changes  as  well.  It  is  seen  that  slight 
increase  of  electric  field  in  the  SE  with  frequency  characteristic  to  the  optimal  RS  changes  to 
the  decrease  of  (Em/E0)  in  high  frequency  region  when  the  SE  is  shifted  from  the  center  of  the 
waveguide.  Whereas  the  SE  approaches  to  a  narrow  wall  of  waveguide  the  interaction  of  the 
SE  with  electromagnetic  wave  decreases  and  when  it  reaches  the  narrow  wall  (Ax  =  1 1  mm), 
the  average  electric  field  strength  in  the  SE  becomes  practically  independent  of  frequency. 

Calculated  sensitivity  dependences  on  frequency  for  the  SE  differently  shifted  from  the 
center  of  waveguide  are  shown  in  Figure  23.  It  is  seen  that  by  changing  Ax  the  sensitivity  of 
the  RS  in  a  linear  region  can  be  changed  in  wide  range.  Comparing  two  limiting  cases:  the  SE 
is  placed  in  the  center  of  waveguide  (Ax  =  0  mm)  and  the  SE  is  pushed  close  to  a  narrow  wall 
of  waveguide  (Ax  =  1 1  mm),  it  is  seen  that  sensitivity  decreases  roughly  150  times.  It  means 
that  the  output  characteristic  of  the  RS  shown  in  Figure  21a  can  be  shifted  right  in  a  power 
scale  by  22  dB.  Therefore,  desirable  output  signal  dependence  on  frequency  can  be 
engineered  properly  selecting  the  shift  of  the  SE  from  the  center  of  the  waveguide.  The 
modification  of  the  output  characteristic  might  be  useful  when  measuring  HPM  pulse  power 
close  to  waveguide  breakdown.  The  example  is  shown  in  Figure  24  where  the  output 
characteristic  of  the  optimized  RS  is  extrapolated  to  higher  power  region  making  use  of  two 
term  approximation  (21).  It  is  seen  that  measurement  of  HPM  pulses  in  a  range  100-200  kW 
with  the  optimized  sensor  should  be  less  accurate  due  to  strong  nonlinearity  of  the  output 
characteristic  in  this  region.  Better  accuracy  might  be  achieved  by  decreasing  the  sensitivity 
of  the  RS  by  10  dB  that  can  be  easily  realized  in  practice  by  shifting  the  SE  from  the  center 
towards  narrow  wall  roughly  by  9  mm.  The  output  characteristic  for  such  RS  is  also  presented 
in  Figure  24. 
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Figure  22.  Calculated  dependence  of  the  average  electric  field  in  the  SE  on  frequency  differently  shifted  from 
the  center  towards  narrow  wall  of  the  waveguide:  hxdxl  =  1.0x1. Ox  1.0  mm3,  p  =  5  fl  cm,  Ld  =  10 
mm.  Ax  is  indicated  in  figure. 


Figure  23.  Calculated  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band 
waveguide-diaphragm-type  RS  with  the  SE  differently  shifted  from  the  center  of  the  waveguide: 
hxdxl  =  1.0x1. Oxl.O  mm3,  p  =  5  f2-cm,  L4  =  10  mm.  Symbols  indicating  Ax  value  are  the  same  as 
in  Figure  22. 
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Figure  24.  Output  characteristic  of  the  RS  from  Figure  21a  extrapolated  to  higher  power  region  using  two  term 
approximation  (21)  and  for  the  RS  with  sensitivity  decreased  by  10  dB. 
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Figure  25.  Calculated  dependence  of  the  sensitivity  in  the  linear  region  on  frequency  for  the  X-band 
waveguide-diaphragm-type  RS  for  different  specific  resistance  SE  shifted  from  the  center  of 
waveguide:  hxdxl  =  1.0x1. 5x1. 5  mm3,  Ld  =  10  mm,  Ax  =  10  mm,  specific  resistance  of  the  SE  is 
indicated  in  figure. 
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5.2  Optimization  of  the  characteristic  of  the  RS  with  shifted  SE 

The  frequency  response  of  the  RS  with  shifted  SE  can  be  optimized  in  a  similar  way  as 
for  the  SE  situated  in  the  center  of  the  waveguide.  The  example  of  such  optimization  is  shown 
in  Figure  25.  The  SE  shifted  at  Ax  =  10  mm,  with  dimensions  hxdxl=  1.0xl.5xl.5  mm3  was 
investigated.  The  diaphragm  length  was  La  =  10  mm.  It  is  seen  that  for  SE  made  from  5  Qcm 
specific  resistance  sensitivity  decreases  with  frequency  while  the  opposite  dependence  is 
characteristic  to  the  higher  specific  resistance  SE.  Results  of  our  investigation  suggest  that  the 
average  electric  field  strength  in  the  SE  is  strongly  influenced  by  one-wave  resonance  the 
frequency  of  which  is  somewhere  in  the  higher  frequency  region  outside  waveguide’s 
frequency  band.  As  it  was  already  shown  in  our  previous  report  [6]  the  maximum  of  the 
average  electric  field  is  obtained  within  the  high  specific  resistance  SE  at  a  one-wave 
resonance,  which  changes  to  minimum  when  the  specific  resistance  of  the  SE  decreases. 
Using  this  interplay  the  specific  resistance  can  be  found  for  which  the  sensitivity  of  the  SE  is 
a  smooth  function  of  frequency.  As  one  can  see  from  Figure  25  p  =12  fi-cm  is  the  optimal 
specific  resistance  for  this  particular  case  providing  flat  frequency  response  of  the  RS. 

5.3  Conclusions 

The  shift  of  the  SE  from  the  center  towards  the  narrow  wall  of  the  waveguide  provides 
the  decrease  of  the  sensitivity  of  the  RS.  Considering  limiting  cases  for  the  optimized  SE  the 
sensitivity  decrease  by  22  dB  was  obtained.  It  was  shown  that  the  shift  of  the  SE  could  be 
used  for  output  characteristic  engineering  extending  linear  characteristic  up  to  the  higher 
power  level.  The  frequency  response  of  the  RS  with  shifted  SE  was  optimized  making  use  of 
the  fact  that  by  decreasing  specific  resistance  of  the  SE  the  maximum  of  the  average  electric 
field  in  the  SE  at  one-wave  resonance  condition  can  be  changed  to  minimum. 

6.  Conclusions 

1.  Factors  influencing  frequency  response  of  the  waveguide-diaphragm-type  RS  have 
been  elucidated.  It  was  shown  that  decrease  of  electric  field  in  the  waveguide  with 
frequency  due  to  dispersion  of  wave  as  well  as  electron  heating  inertia  in  microwave 
electric  field  can  not  explain  non-monotonous  sensitivity  variation  of  the  RS  with 
frequency  observed  experimentally.  Interaction  of  electromagnetic  wave  with  the  SE 
located  under  the  thin  metal  diaphragm  is  responsible  for  the  observed  sensitivity 
variation. 

2.  Making  use  of  FDTD  method,  the  peculiarities  of  the  interaction  of  the  semiconductor 
bar  inserted  under  thin  metal  diaphragm  in  the  waveguide  have  been  investigated.  It 
was  shown  that  the  average  electric  field  strength  in  the  SE  is  influenced  by  resonance 
phenomena.  Resonance  occurs  when  the  effective  length  of  the  diaphragm  for  wave 
propagating  under  it  becomes  a  whole  number  of  half-wave.  Odd  and  even  half-wave 
resonance  can  be  distinguished.  Odd  resonance  appears  for  low  specific  resistance, 
whereas  even  -  for  high  specific  resistance  samples.  Odd  resonance  disappears  when 
the  specific  resistance  of  the  SE  increases  whereas  the  decrease  of  specific  resistance 
leads  to  disappearance  of  even  resonance. 

3.  Varying  electrophysical  parameters  of  the  waveguide-diaphragm-type  RS  (diaphragm 
length,  dimensions  and  specific  resistance  of  the  sensor)  and  taking  into  account  that 
the  resistance  of  the  RS  should  be  less  or  equal  50  Q  the  optimal  set  of  parameters 
providing  the  smallest  possible  sensitivity  variation  in  the  waveguide’s  frequency 
band  has  been  determined.  They  are:  =10  mm,  h  =  1.0  mm,  dxl=  1.0  mm2,  p  =  5 
D-cm,  Calculated  maximum  to  minimum  sensitivity  ratio  for  this  set  of  parameters 
was  obtained  1.09. 
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4.  Theoretical  predictions  have  been  proved  experimentally.  The  optimized  RS  is 
characterized  by  smooth  dependence  of  sensitivity  on  frequency.  The  largest 
experimentally  measured  maximum  to  minimum  sensitivity  ratio  in  waveguide’s 
frequency  range  for  particular  RS  was  1.2.  That  is  sufficiently  close  to  theoretically 
predicted  value  1.09.  Fairly  good  coincidence  between  absolute  values  of  the 
sensitivity  of  the  RS  calculated  theoretically  and  measured  experimentally  was 
obtained.  It  was  confirmed  experimentally  that  small  change  of  electrophysical 
parameters  from  their  optimal  values  leads  to  the  increase  of  the  sensitivity  variation 
in  the  frequency  range  under  consideration. 

5.  A  shift  of  the  SE  from  the  center  of  the  waveguide  is  considered  theoretically  using 
FDTD  method.  It  was  shown  that  the  shift  of  the  SE  might  be  useful  for  the 
engineering  of  more  linear  output  characteristic  of  the  RS  in  high  power  region.  It  was 
demonstrated  that  the  frequency  response  of  the  RS  with  SE  shifted  from  the  center  of 
the  waveguide  can  be  optimized  as  well. 
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